Objectives: To investigate the variation in dental nonmetric traits and to evaluate the utility of this variation for inferring genetic ancestry proportions in a sample of admixed Latin Americans. Materials and Methods: We characterized a sample from Colombia (N=477) for 34 dental traits and obtained estimates of individual Native
INTRODUCTION
Due to the great preservation of teeth and their considerable morphological variation dental traits have been used extensively in human evolutionary studies, including the analysis of archaeological remains and the diversity of contemporary populations (Scott and Turner, 1997; Irish and Scott, 2016; Guatelli-Steinberg, 2016) . The differentiation of dental traits among continental populations has also been exploited, usually in a forensic setting, for the purpose of assignment of ancestry to human remains of unknown origin (Scott and Turner, 1997; Alsoleihat, 2013; Edgar, 2005 Edgar, , 2009 Edgar, , 2013 Edgar, , 2015 Irish, 2015; Scott et al., 2018) . Such studies have mostly focused on establishing individual ancestry with reference to discrete population categories, such as those defined in the US census (e.g. European-Americans and African-Americans). However, to our knowledge, no attempt has so far been reported to infer genetic ancestry proportions from dental data in individuals of mixed continental ancestry.
The population of Latin America has a history of extensive admixture between Native Americans, Europeans and Africans and therefore represents an ideal setting in which to evaluate the informativity of dental traits to estimate genetic ancestry and individual admixture proportions. Here we report an analysis of dental nonmetric trait variation in contemporary Latin Americans and we evaluate the informativity of these dental traits for inferring admixture proportions. Consistent with their historical admixture, Latin Americans present dental nonmetric traits that are common in Native Americans, Europeans and Africans, and some of these traits correlate with genetic ancestry. We observe that although dental traits provide mean ancestry estimates similar to those obtained by genetic data, the informativity of these traits to estimate individual ancestry in the sample examined is relatively low.
MATERIALS AND METHODS

Subjects of study
We studied a sample of 477 individuals of both sexes (women/men = 259/218) aged 18-40 (mean = 23.4) recruited in Medellín, Colombia (the sample is denoted MED in Tables   and Figures) . This sample is part of the CANDELA cohort (Consortium for the Analysis of the Diversity and Evolution of Latin America, http://www.ucl.ac.uk/silva/candela) (Ruiz-Linares et al., 2014) . This research was approved by the ethics committees of Universidad de Antioquia (Colombia), Universidad de Tarapacá (Chile), and University College London (UK). All participants provided written informed consent.
Characterization of dental morphology
Intraoral digital photographs were obtained (by LMR) using an IE3 Canon camera (at 12 megapixels resolution) under standardized conditions, including: captures in frontal, lateral and occlusal norms, constant light, proportion and distance. Using these photographs, we examined a total of 34 dental features (corresponding to 86 traits across teeth; Supplementary Table 1 ) in each individual (by M.D.) following ASUDAS trait definitions (Turner et al., 1991) with the exception of elongated mandibular premolars (Edgar and Sciulli, 2004) and lower premolar accessory ridges (Delgado, 2015) ( Supplementary Table   1 ). This scoring was performed blindly with regards to age, sex or genetic ancestry of the individuals examined. The intra-observer concordance rate for these traits has been shown to be high (Delgado, 2015) . We only scored teeth with no caries, no apparent wear and no dental restorations. We retained the score of the antimere with strongest expression of the trait when asymmetric expression was evident (Scott, 1980) . Subsequent to scoring, traits with extreme frequencies (<0.3% or >98%), or >5% missing values were excluded. This resulted in 28 traits being retained for subsequent analyses.
Biodistance analysis
We used C. A. B Smith´s mean measure of divergence (MMD) statistic (Sjøvold, 1977; Irish, 2010) to estimate biological distances from the frequency of the dental traits in the Colombian and reference population samples, using the dichotomies of dental traits proposed for ASUDAS ( Supplementary Table 1 ) (Sjøvold 1977, Harris and Sjøvold, 2004; Irish, 2010) . The reference population dataset used in these analyses (Appendix 2; Scott and Turner, 1997) [NA, N=545] ). Following Harris and Sjøvold (2004) we used Ascombe´s transformation of the MMD since it is slightly better than the Freeman-Tukey formula at asymptotically stabilizing sample variance and is more appropriate for the relatively large sample size examined here (Green and Suchey, 1976) . We excluded traits significantly correlated with sex (since the MMD assumes lack of sexual dimorphism) or with other traits (as the MMD also assumes independence between traits) (Nikita, 2015) , and those traits that showed no significant variation between samples. Three traits (SSUI1, DSUI1 and ODOUP1) that have been extensively studied and are highly differentiated between reference population were retained, despite SSUI1 and DSUI1 showing a significant correlation and ODOUP1 a low frequency (<0.3%) in the Colombian sample investigated here. This resulted in 16 traits being retained for this analysis ( Supplementary   Tables 2 and 3 ). The MMD calculation was performed in R 3.4.3 (R Development Core Team, 2017) using a script written by M.D based on equations presented in Sjøvold (1977) and Harris and Sjøvold (2004) .
Estimation of continental genetic ancestry
The individuals examined here have been previously genotyped on Illumina's HumanOmniExpress chip (Adhikari et al., 2015 (Adhikari et al., , 2016a , which includes over 700,000
SNPs. After pruning for Linkage Disequilibrium 93,328 autosomal SNPs were retained.
Genotype data from the admixed samples was combined with genotype data of reference samples from three continental populations to estimate European, African and Native American ancestry proportions using ADMIXTURE (Alexander and Lange, 2011) .
Reference parental populations included in the ADMIXTURE analyses consisted of Africans and Europeans from 1000 Genomes (The 1000 Genomes Project Consortium, 2015) and selected Native American samples (Reich et al., 2012) .
Correlation analyses
For all correlation analyses, the dental trait scores were considered ordinal variables.
The justification for doing so is that we assume an underlying continuous variable (Scott and Turner, 1997) , and the convention that for an ordinal variable with several categories there is little difference between fitting a linear regression or an ordered probit model (Harvati and Weaver, 2006) . We confirmed that both approaches produced similar results. Simple correlation analysis was performed among dental traits. To evaluate the effect of covariates (genetic ancestry, age, and sex) on the dental traits, we used partial correlation analysis. In these tests, the Bonferroni-adjusted P-value threshold for significance was P <0.001.
Inference of individual genetic ancestry from dental morphology
We explored two approaches to infer individual continental ancestry proportions from dental traits, both implemented in Matlab (R2017b) by K.A.
Using reference population data
Data on full trait distributions was obtained from the literature (Scott and Irish (2017) for fourteen reference population samples from areas that contributed extensively to admixture in Latin America: one from Sub-Saharan Africa (West Africa); three from Western Europe (Spain, Netherlands and England) and ten from Central and South America (Native Americans from Mexico, Ecuador, Brazil and Chile). Of the 29 traits described in Scott and Irish (2017) , 20 were scored in the Colombian sample. From these 20 we excluded traits that were missing in any reference population or had a low frequency in the Colombian sample (<1%). This resulted in the following 16 traits being retained: WINGUI1, SSUI1, DSUI1, IGUI2, TDUI2, MRUC, ODOUP1, HYPUM2, C5UM2, CTUM1, LCVLP2, GPLM2, CNLM1, CNLM2, PTSLM1 and C7LM1 (see Supplementary Table 1 for trait   descriptions and Supplementary Tables 2 and 3 for the trait scores in the Colombian sample).
To obtain estimates of ancestry in the Colombian sample based on these traits we followed the approach described below.
For a trait (j) with possible states 1, 2, …, c, the trait frequencies (f) in reference population r (with values a, e or n for African, European and Native, respectively) can be represented by: ( 1 , 2 , ⋯ , ), where the frequencies in each reference population sum up to one. These continental frequencies can be combined with ancestry proportions to construct a trait frequency distribution in individuals (i) of mixed ancestry (m) as:
Where ( , , ) refer to the proportions of African, European and Native American ancestries in the admixed individuals (i). These 'mixed' trait frequencies also sum to one for any trait.
For a given ancestry proportion, a score can be constructed for each trait indicating how probable or improbable the observed trait value is, given the frequency distribution of this trait. For example, the score of an individual i of mixed ancestry with value for a trait j when compared to the frequency distribution ( ) for this trait can be calculated as:
This score represents the mean absolute deviation (Rao, 1973) of the trait value in an individual relative to a frequency distribution. For any individual i, and any trait j, these scores can be calculated for each trait given ancestry proportions ( , , ). A composite score can then be constructed by summing across traits. For example, the composite score for person i over all T traits is:
To adjust for correlation between traits included in the analysis, we use weights ( ) inversely proportional to their total correlation with other traits. As correlation values from the reference data was not available, correlation values in the Colombian dataset were used for this step. A commonly used weight (Zou et al., 2010) to scale the contribution of trait j is
where is the correlation between traits j and k.
To estimate ancestry for individual i we find the ancestry proportions ( , , ) which minimize the composite score using a grid search over all possible ancestry proportions and evaluating the score at each combination. The individual ancestry estimates obtained with genetic and dental data were compared using intraclass correlations (Shrout and Fleiss, 1979) . The squared correlations, estimating the proportion of variance explained, were taken as estimates of the accuracy of estimation of genetic ancestry from dental morphology.
Estimation within the Colombian sample data
In the second approach we regressed genetic ancestry on each dental trait separately, or on multiple traits simultaneously, solely within the Colombian dataset. In the regression models we examined prediction accuracy based on 10-fold cross-validation (CV) (Hastie et al., 2009 ). Thus, for each of 10 random subsets of these data, we trained models based on 90% of the subset and predicted genetic ancestry values in the remaining 10%. Prediction accuracy was evaluated by the fraction of trait variance explained by a model (R 2 CV), averaged over the 10 CV sets.
In the case of single-trait regression, ordinary multivariate linear regression was used.
Values of one ancestry component were regressed on age, sex, and one dental trait. In the case of regression involving multiple traits, we explored reducing overfitting and collinearity (which could affect prediction performance, Chatterjee and Hadi, 2012) , by applying the LASSO approach, which selectively includes only a few covariates in the regression model (Hastie, 2009) . We also used two dimension-reduction techniques on the set of all dental traits: Principal Component Analysis (PCA) and Independent Component Analysis (ICA), which summarize the total dental trait variation into a reduced number of independent variables, each capturing a substantial fraction of the total variation (Hastie, 2009 ). In the case of PCA we retained for the regression analyses 20 PCs with relatively high eigenvalues and explaining 86% of the total variance. For ICA we retained 3 or 6 components, explaining 31.3% and 52.5% of the total variance, respectively.
We performed simulations to assess the performance of this prediction methodology under two scenarios. In the first scenario, we simulated a uniform ancestry distribution (between 0 to 100%) by sampling with replacement individuals from the Colombian data (Fuller, 2009) , so as to obtain a simulated dataset with the same sample size and the same relationship between all variables and covariates as in the original dataset. We generated 100 simulated samples and obtained the average R 2 across samples to calculate prediction accuracy.
In the second scenario we divided the Colombian data into two subsets: one highly European (>95% European ancestry) and one highly Native (>95% Native American ancestry). We then sampled with replacement from these two subsets to create a simulated sample in which half of the individuals are highly European and the other half highly Native.
As before, this resampling maintains the same relationship between all variables and covariates. We generated 100 simulated samples. Since here the regression model is predicting dichotomous group labels, we used classification accuracy (% of correctly predicted group label) as an indicator of prediction accuracy (Hastie, 2009 ).
RESULTS
Distribution of individual genetic ancestry
Average estimates of genetic ancestry in the Colombian sample investigated were:
63% European, 28% Native American and 9% African. Individual estimates of Native ancestry show a relatively sharp peak at around 30% ( Figure 1 ). As expected (since ancestry proportions are constrained by having to add up to 1) there is a strong negative correlation between European and non-European (Native or African) ancestry (r < -0.65). African ancestry presents a highly skewed distribution, with few individuals presenting >20% of African ancestry and no individual with >80% of such ancestry.
Correlation between dental traits and covariates
The frequencies of the dental traits examined in the Colombian sample are presented
in Supplementary Tables 2-3 . This sample shows low to moderate frequencies of traits common in Native Americans (e.g., WINGUI1, SSUI1, SSUI2, DSUI1, DSUI2, C5LM2; C6LM1), whereas traits with high frequencies in Africans (MRUC, DIASUI1 and C7LM1) presented low frequencies in the Colombians. Several features characterizing the Eurasian dental complex are also present in the Colombian sample (e.g., high frequencies of CTUM1, LCVLP2, 3CUM2 and CNLM1 and low frequencies of WINGUI1, DSUI1, GPLM2, C6LM1, C7LM1 and DWLM1). Overall, the frequency of dental traits in the sample examined reflects its mixed ancestry.
Moderate to strong positive, and significant, correlations (r>0.5, p-value <1. 29E-31) were observed between several of the traits examined. These usually represent the same trait scored in different teeth, including: SSUI1, SSUI2, SSLI1, SSLI2, DSUI1, DSUI2, DSLI1, DSLI2, DTUI1, DTUI2, ARUP1, ARUP2, AMTUP1, AMTUP2, AFLM1 and AFLM2.
Across traits, several significant positive correlations were observed, with the strongest occurring between SS and DS, in both upper and lower incisors. Possible explanations for these correlations include admixture linkage disequilibrium (particularly for traits present with high frequencies in parental populations) and pleiotropic effects of certain genetic variants influencing dental development (Townsend et al., 2009; Hughes and Townsend, 2013; Hillson, 2014; Dhamo et al., 2018) .
A number of weak, but significant, correlations were observed between dental traits and covariates (r values 0.12-0.23) ( Supplementary Table 4 ). Nine traits showed a negative correlation with age (DARUC, ARUP1, ARUP2, AMTUP1, AMTUP2, METUM2, HYPUM1, ARLP2, AFLM2), and one trait (PTSLM1) was positively correlated with age.
With the exception of PTSLM1 all dental traits correlated with age are related to cusps, ridges and foveae, which are structures that are very susceptible to wear. The relevance of dental wear as a proxy of biological age has been highly exploited in bioarchaeology (Lovejoy, 1985) . Our findings suggest that in contemporary humans, despite the consumption of soft and processed foods, the effect of age on dental wear is considerable (Faillace et al., 2017) . Finally, we found that five traits were correlated with sex: TDUI1, TDUC, MRUC, DARUC and DARLC. Four of these traits represent features of the canines, the most sexually dimorphic teeth in humans, hominins and non-human primates (Plavcan, 2012) . These observations underline the utility of canine morphology in the assignment of sex in undetermined samples from contemporary human populations (Tardivo et al., 2011) .
Positive correlations were observed between African ancestry and three traits: C5UM2, CNLM1 and C7LM1. In addition, fourteen additional traits showed positive correlations with Native American ancestry (and, correspondingly, negative correlations with European ancestry): SSUI1, SSUI2, DSUI1, DSUI2, METUM1, METUM2, SSLI1, SSLI2, DSLI1, DSLI2, AFLM2, CNLM2, C5LM2, C7LM2. Table 1 shows the MMD matrix between nine reference population samples and the sample from Colombia calculated on the basis of the frequency of 16 dichotomous dental traits. Figure 2 Consistent with its mainly Native American-European but predominantly European ancestry, the Colombian sample lies on the European-Native American axis and is closest to Europeans.
Inter-population differentiation based on dental trait frequency
Estimation of ancestry from dental traits
We explored two approaches to estimating ancestry from dental data. In the first approach, based on the frequency of dental traits in reference population samples, we estimated (as described in the Materials and Methods) average African, European and Native ancestry proportions as: 0.09, 0.59 and 0.32, respectively (with standard deviations of 0.26, 0.49, 0.47, respectively). These average ancestry estimates are similar to those obtained with genetic data (respectively, 0.09, 0.63, 0.28), although the values estimated from the dental data show more variation than the genetic estimates (which have standard deviations of 0.10, 0.13, 0.10, respectively). When contrasting individual genetic and dental ancestry estimates, the squared correlations (R 2 ) were low for the three ancestries: 0.7%, 0.7% and 0.5% (for African, European and Native American ancestries, respectively).
In the second approach, we predicted genetic ancestry values using regression models incorporating dental trait variation solely in the Colombian sample. Based on results from a 10-fold CV approach, we find that predictions of genetic ancestry from single dental traits have low R 2 values for all ancestries ( We also evaluated prediction of genetic ancestry from regression models incorporating all dental traits examined or components from two dimension-reduction methods (ICA and PCA) ( 
DISCUSSION
The diversity in dental morphology observed in the Colombian sample studied here is consistent with the history of admixture between Native Americans, Europeans and Africans that characterizes Latin Americans. Traits common in those three continental populations are prevalent in the Colombian sample. Furthermore, the biodistance analysis and the average estimates of ancestry in the Colombian sample obtained from dental morphology data are consistent with the genetic estimates of ancestry: a predominant European ancestry, with substantial Native American ancestry and a relatively small African contribution. The correlation of certain dental features with specific genetic ancestries suggests that aspects of tooth morphology are likely to be influenced by alleles differentiated in frequency between continental populations (see Hubbard et al., 2015; Rathmann et al., 2017) , probably involving loci impacting on tooth development (Edgar and Ousley, 2016; Dhamo et al., 2018) . The three traits correlated with African ancestry detected here (C5UM2, CNLM1 and C7LM1) have been reported to show markedly higher frequencies in Sub-Saharan Africans relative to other continental populations (Irish, 1997 (Irish, , 2013 Scott and Turner, 1997; Scott and Irish, 2017) . However, certain traits that have been described as characterizing a "Sub-Saharan African dental complex" (such as DIASUI1, MRUC, LCUI2 and GPLM2; Irish, 2013) showed no significant correlation with genetic estimates of African ancestry. Similarly, most of the 14 traits showing positive correlation with Native American ancestry have been extensively documented as common in East Asians and Native
Americans (Scott and Turner, 1997 and references therein) . Noticeably, we did not detect any dental trait positively correlated with European ancestry. However, the distribution of dental traits in the Colombian sample shares some common features with the so-called "Western Eurasian dental complex" (sensu Scott et al., 2013) , that is, low frequencies of WINGUI1, GPLM2, C6LM1, C7LM1 and DWLM1 and moderate to high frequencies of CTUM1, LCVLP2, 3CUM2 and four-cusped LM2 (CNLM2). So-called "Classic" European traits, such as the Carabelli tubercle, showed positive although not significant correlations (r<0.05) with European genetic ancestry. The lack of a significant correlation with ancestry of certain dental traits could be related to a lack of power to detect such effects, for instance due to the relatively low Sub-Saharan African ancestry and the rather narrow spread of individual ancestry estimates in the Colombian sample studied here (Figure 1) . Furthermore, the difference in frequency of some traits between the parental populations involved in admixture in Latin America might have been lower than what has been documented in available reference population data. resulted in an increase in R 2 for prediction based on SSUI1 from 2.4% to 61.9%. In a second simulation we replicated the setting usually examined in the literature, which evaluates prediction of ancestry as pertains to discrete population categories to which individuals are assigned (Edgar, 2013; Irish, 2015) . Using the Colombian data-set we generated simulated sets of individuals either with high (>95%) European or Native American ancestry and then tested how accurately SSUI1 can assign individuals to these two sets. Classification accuracy was very high, at 93.5%.
In conclusion, our study shows that the dental characteristics of Latin Americans reflect their history of admixture involving Native Americans, Europeans and Africans.
However, despite dental morphology reflecting past admixture, the use of dental traits for inferring genetic ancestry components in admixed Latin Americans is a considerably more difficult task than the ancestry assignments usually performed in studies using discrete categories, such as those often used in US study samples. The correlation of certain dental traits with genetic ancestry suggests that aspects of tooth morphology could be influenced by specific alleles differentiated in frequency between continental populations. Further study of Latin American populations could provide a fruitful approach to the identification of such dental morphology loci. North and South Native Americans. Trait codes are as in Supplementary Table 1 . 
